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Sulphide inclusions, which represent melts trapped in the minerals of magmatic rocks and xenoliths,
provide important clues to the behaviour of immiscible sulphide liquids during the evolution of magmas
and the formation of NieCueFe deposits. We describe sulphide inclusions from unique ultramaﬁc clots
within maﬁc xenoliths, from the maﬁc xenoliths themselves, and from the three silica-rich host plutons
in Tongling, China. For the ﬁrst time, we are able to propose a general framework model for the evolution
of sulphide melts during the evolution of maﬁc to felsic magmas from the upper mantle to the upper
crust. The model improves our understanding of the sulphide melt evolution in upper mantle to upper
crust magmas, and provides insight into the formation of stratabound skarn-type FeeCu polymetallic
deposits associated with felsic magmatism, thus promising to play an important role during prospecting
for such deposits.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Numerous observations and analyses exist for sulphide melt in-
clusionswithin diamond, chromite, garnet, zircon, olivine, pyroxene
and amphibole in kimberlites, basalts andmantle-derived xenoliths
(e.g. Sharp, 1966; Skinner and Peck, 1969; Bishop et al., 1975;
Andersen et al., 1987; Botkunov et al., 1987; Chaussidon et al.,
1987, 1989; Gurenko et al., 1988; Lorand and Ceuleneer, 1989;
Deines and Harris, 1995; Bulanova et al., 1996; Pearson et al., 1998,
1999; Xu et al., 1999, 2000; Fan et al., 2001; Pearson et al., 2002;
Spetsius et al., 2002; Torok et al., 2003; Zajacz and Szabo, 2003;
Aulbach et al., 2004; Grifﬁn et al., 2004; Renno et al., 2004;
Yurimoto et al., 2004; Yue et al., 2005; McNeill et al., 2008). Theseences (Beijing), 29 Xueyuan
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sity of Geosciences (Beijing) and Pobservations and analyses not only provide constraints on the for-
mation of themantle, its evolution, and lithosphereeasthenosphere
interactions, but also provide clues to the behaviour of immiscible
sulphide liquids during the evolution of mantle-derived magmas
and the formation of Ni-rich sulphide deposits associated with ul-
tramaﬁc andmaﬁc rocks. However, fewdata havebeenpublished on
sulphide melt inclusions trapped in the minerals of felsic rocks or
xenoliths. Whitney and Stormer (1983) reported pyrrhotite in-
clusions inphenocrysts of plagioclase, alkali feldspar, quartz, biotite,
hornblende, sphene, magnetite, ilmenite, and apatite from the Fish
Canyon Tuff in the USA and discussed the role of sulphur in calc-
alkaline magmas. The authors considered that signiﬁcant amounts
of sulphur frommagmas could represent a major source of sulphur
for related ore deposits. Qin et al. (2003, 2004) published data on
sulphide inclusions in hornblende cumulates and megacrysts from
the Jiguanshi and Jinkouling granodioritic plutons and the Caoshan
pyroxene-diorite in the Tongling area, China, and discussed their
origin and signiﬁcance in relation to Fe and Cu mineralisation. It is
suggested by the authors that the sulﬁdes in the xenoliths may be
formed through crystallisation of sulphide melts separated immis-
cibly from the underplated basalticmagma in the lower crust. Halter
et al. (2004a,b, 2005) reported LA-ICP-MS analyses of silicate and
sulphide melt inclusions within the andesitic Farallón Negro Vol-
canic Complex in NW Argentina, these analyses helping in the
interpretation of magma evolution and the formation of porphyryeking University. Production and hosting by Elsevier B.V. All rights reserved.
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an andesitic or even basaltic magma present in the deeper parts of
the magma chamber.
So far, a general framework model does not exist for the role of
sulphide melts during the evolution of maﬁc to felsic magmas from
the upper mantle to the upper crust. Such a model would improve
our understanding of the sulphide melt evolution in upper mantle
to upper crust magmas as well as the formation of stratabound
skarn-type Fe and Cu polymetallic deposits associated with felsic
magmatic rocks.
A large suite of ultramaﬁc clots, hornblende cumulates and
microgranular maﬁc enclaves has been collected from felsic plutons
in the Tongling area, Anhui Province, East China. Sulphide melt
inclusions are found in the amphibole and clinopyroxene of the
ultramaﬁc clots, hornblende cumulates, microgranular maﬁc en-
claves, and quartz monzodiorite and granodiorite host rocks. This
makes the Tongling area an excellent natural laboratory for
studying various types of sulphide melt inclusions formed under
various conditions. We examined the sulphide inclusions in the
ultramaﬁc clots, hornblende cumulates, microgranular maﬁc en-
claves and host rocks from three intrusive bodies. The results
provide new insight into the evolution of sulphidemelts inmagmas
from the upper mantle to the upper crust.
2. Geological background
The Tongling area in Anhui Province is an important part of the
Lower Yangtze River magmatic belt, at the northern margin of the
Yangtze Craton (Fig. 1). This belt extends from Wuhan (Hubei
Province) in the west to Zhenjiang (Jiangsu Province) in the east,
and contains more than 260 intrusions greater than 0.2 km2 in area
(Pan and Dong, 1999), making it one of the most important
magmatic belts in China. Most of the intrusions are associated with
stratabound skarn-type polymetallic deposits (Mao et al., 2011;
Wang et al., 2011; Xu et al., 2011; Yang et al., 2011), clustered in
the following seven districts (from west to east): Edong, Jiurui,
Anqing-Guichi, Luzong, Tongling, Ningwu and Ningzhen (Fig. 1a).
Regional geological and geophysical data (Chen, 1988; Tang
et al., 1998; Lü et al., 2003) indicate no change in lithospheric
structure in the Tongling area since the Mesozoic. The lithospheric
structural layers, from base to top, include: (1) upper mantle below
32 km; (2) pyroxene- and plagioclase-bearing amphibolites and
felsic and maﬁc granulites at depths of 18e32 km; (3) Paleo-
proterozoic to Archean (1895e2900 Ma, Chang et al., 1991) biotite-
hornblende gneisses, tonalites, trondjhemites, granodiorites and
supracrustal rocks at depths of 12e18 km; (4) Neoproterozoic to
Mesoproterozoic (990e1850 Ma, Chang et al., 1991) volcano-
sedimentary suites at depths of 8e12 km, now metamorphosed
to schist and gneiss, and derived from calc-alkaline basalts, rhyolitic
eruptives and shallow marine carbonate and clastic sedimentary
rocks; (5) Paleozoic to Mesozoic marine clastic sedimentary rocks
and carbonates with large amounts of anhydrite, siderite, pyrite
and organic carbon at depths of 4e8 km; and (6) Cenozoic to
Mesozoic continental clastic sedimentary rocks and evaporites at
depths of 0e4 km.
The Tongling area, located in the middle segment of the Lower
Yangtze River magmatic belt (Fig. 1a), contains many small plu-
tons associated with stratabound skarn-type Cu and Fe poly-
metallic deposits (Fig. 1b). These plutons are 0.5e5 km2 in area,
intermediate to acidic in composition, and late Jurassic to early
Cretaceous in age (136e142 Ma, Xu et al., 2004; Wang et al.,
2004; Cao et al., 2009), and they contain various types of xeno-
liths (Fig. 2a,b). The present study focuses on the numerous
sulphide melt inclusions observed in the minerals of these plu-
tons and xenoliths.3. Petrology and geochemistry of the xenoliths and host
rocks based on previous studies
The studied Laomiaojishan, Xiaotongguanshan and Xiaotaojia
plutons consist of quartz monzodiorite and granodiorite, and
contain various types of xenoliths. Rocks of the Laomiaojishan and
Xiaotongguanshan intrusions are porphyritic, with plagioclase and
hornblende and in some cases clinopyroxene or quartz phenocrysts
(4e9%) in a ﬁne- to medium-grained matrix consisting mainly of
plagioclase (45e48%), K-feldspar (25e28%), quartz (12e13%),
hornblende (6e9%) and local biotite (0e3%) (Cao et al., 2009). Rocks
of the Xiaotaojia intrusion have a ﬁne- to medium-grained granitic
texture and consist of plagioclase (50e60%), quartz (20e25%), K-
feldspar (10e15%), hornblende (2e4%) and biotite (3e5%) (Du et al.,
2004a). The accessory minerals apatite and magnetite are observed
in all three intrusions.
Xenoliths within the three plutons are mainly (1) microgranular
maﬁc enclaves, (2) hornblende cumulates, (3) ultramaﬁc clots, and
(4) relics of metamorphic rocks.
Microgranular maﬁc enclaves are rounded to subangular in
shape, 20e50 mm in size, and gabbroic to dioritic in composition.
Gabbroic xenoliths consist mainly of plagioclase (65e70%), clino-
pyroxene (8e15%), hornblende (5e12%) and biotite (0e5%), with
accessory magnetite (Cr-magnetite) and apatite (Du and Lee, 2004;
Cao et al., 2009). Dioritic xenoliths are composed mainly of
plagioclase (60e65%), hornblende (30e35%), K-feldspar (w2%) and
biotite (w2%), along with local clinopyroxene (0e5%) and quartz
(0e3%), and accessory apatite and magnetite (Cr-magnetite).
Plagioclase ovoids, mantled with hornblende, poikilitic plagioclase
with hornblende, and acicular apatite within biotite are commonly
found in the gabbroic and dioritic xenoliths (Du and Lee, 2004).
Hornblende cumulates display mosaic textures and consist
mainly of hornblende (90e95%) withminor residual clinopyroxene,
as well as rare coarse apatite and Cr-magnetite. The residual cli-
nopyroxenes show no strain or exsolution and have a relatively
high content of Al2O3 (5.32e5.93%), and a low content of SiO2
(48.57e49.37%) (Du et al., 2004b).
Ultramaﬁc clots (MFC) (Qin, 2007) are unevenly distributed
within the gabbroic xenoliths. They are mainly ellipsoidal to
rounded in shape and 0.35e3.00 mm in size. Each MFC consists of a
light-coloured core enclosed by a thin dark-coloured shell. Cores
consist mainly of ﬁne-grained actinolite and tremolite, with re-
sidual diopside and hornblende partially altered to actinolite or
tremolite and grains of Cr magnetite. Shells consist mainly of ﬁne-
to medium-grained cummingtonite, mostly altered to biotite.
The xenoliths of metamorphic rock include pyroxene amphib-
olite and plagioclase amphibolite (Du, 1999). Pyroxene amphibolite
consists mainly of clinopyroxene (25e30%), amphibole (35e40%)
and plagioclase (10e15%), with minor biotite, magnetite and
apatite. Plagioclase amphibolite is composed mainly of amphibole
(40e70%) and plagioclase (30e60%), with local magnetite and
apatite. Some metamorphic-rock xenoliths contain ﬁne-grained
felsic aggregates in their interiors and rims, and transitions are
observed between these metamorphic relics and apparently
magmatic enclaves.
Geochronological studies of the xenoliths of hornblende and py-
roxene cumulates and theirhost rocks in the Jiguanshanpluton, yield
RbeSr isochronagesof about140Mawith 87Sr/86Sr¼0.7067e0.7069
(Tang et al., 1998). The Xiaotongguanshan intrusion yields an age of
139.5  2.9 Ma (Cao et al., 2009) using the SHRIMP zircon UePb
method, and it represents part of the late Jurassic to early Cretaceous
magmatism of the lower Yangtze Valley. The gabbro and diorite xe-
noliths (Cao et al., 2009) are low in SiO2 (52.03e54.61 wt.%), Al2O3
(12.87e14.43 wt.%) and total alkalis (Na2O þ K2O) (5.26e6.30 wt.%),
but high in MgO (5.41e11.66 wt.%), relative to the quartz
Figure 1. (a) Distribution of late Jurassic to early Cretaceous intrusions in the seven districts (rectangles in the ﬁgure) of the lower Yangtze River magmatic belt, east-central Chi (Pan and Dong, 1999), and (b) geological sketch map of
the Tongling area, Anhui Province (Du and Lee, 2004).
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Table 1
Major oxide composition of clinopyroxenes (wt.%) in the host rocks, microgranular
maﬁc enclaves and ultramaﬁc clots from the Laomiaojishan, Xiaotongguanshan and
Xiaotaojia plutons in the Tongling area, Anhui Province, East China.
Host
rock
Quartz monzodiorite
from Laomiaojishan
(LMJ) pluton
Quartz monzodiorite from Xiaotongguanshan
(XTGS) pluton
Rock
type
HR MME MFC
Sample
number
LMJ 1-5 XTGS
1-1-4
XTGS
1-1-6
XTGS
3-1-1
XTGS
3-1-7-7
XTGS
3-1-7-15
SiO2 51.06 51.15 51.86 51.00 53.54 53.14
TiO2 0.00 0.21 0.19 0.19 0.00 0.01
Al2O3 0.27 0.78 0.38 0.27 0.18 0.22
FeO 14.45 11.43 12.88 14.11 8.23 8.56
MnO 0.34 0.39 0.41 0.52 0.33 0.29
MgO 10.95 12.21 11.48 10.66 13.60 13.97
CaO 23.80 23.13 23.14 22.29 23.13 22.90
Na2O 0.14 0.35 0.17 0.48 1.08 0.64
K2O 0.03 0.00 0.02 0.00 0.00 0.06
P2O5 0.00 e e e 0.00 0.00
Total 101.04 99.65 100.53 99.52 100.09 99.79
AlIV 0.012 0.035 0.017 0.012 0.008 0.010
AlIV 0.000 0.000 0.000 0.000 0.000 0.000
Mg# 0.66 0.73 0.65 0.64 0.83 0.81
Wo 47 47 47 46 47 46
En 30 34 32 31 39 40
Fs 23 19 21 23 14 14
HR, host rock; MME, microgranular maﬁc enclave; MFC, ultramaﬁc clot; Mg# ¼Mg/
(Mg þ Fe2þ).
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(59.97e64.44 wt.%), Al2O3 (16.43e17.59 wt.%) and total alkalis
(6.67e8.25 wt.%), but lower MgO (1.52e2.50 wt.%). The gabbro and
diorite xenoliths have total rare earth element (REE) values ranging
from 165.70 to 190.40 ppm, similar to those in the host rocks
(166.12e185.95ppm),but theratiosof lightREEs toheavyREEs, in the
range3.39e4.27, are smaller than thoseof thehost rocks (4.86e5.94).
Although all the rocks show similar REE patterns, the gabbro and
diorite xenoliths display positive Eu anomalies, whereas the hosts
show slightly negative Eu anomalies. The values of εNd(t) vary
from4.9 to9.9 in the gabbro xenoliths, and from11.4 to11.9 in
the host rocks. Initial 87Sr/86Sr ratios have a range of 0.7064e0.7073
in the gabbro and diorite xenoliths, and 0.7072e0.7084 in the quartz
monzonitic diorite hosts (Tang et al., 1998; Cao et al., 2009).
4. Petrology of the sulphide inclusions
Sulphide inclusions generally occur as single blebs in the
amphibole and clinopyroxene crystals of the quartz monzodiorite,
granodiorite, microgranular maﬁc enclaves, ultramaﬁc clots and
hornblende cumulates, and are mainly spherical to ellipsoidal in
shape and 4.0e12.0 mm in size. The sulphide blebs consist of pyr-
rhotite (Fig. 2c,d) and chalcopyrite in the quartz monzodiorite,
granodiorite, and microgranular maﬁc enclaves, and pyrrhotite,
mono-sulphide solution, pentlandite and chalcopyrite in the ultra-
maﬁc clots. Individual blebs in the quartz monzodiorite and grano-
diorite exhibit a paragenetic association of pyrrhotite þmagnetite,
while blebs in the microgranular maﬁc enclaves exhibit a para-
genetic association of pyrrhotite (core) þ chalcopyrite (outer rim)
(Fig. 2e,f). In contrast, individual blebs in the ultramaﬁc clots exhibit
paragenetic associations of (1) mono-sulphide solution
(core) þ pyrrhotite (outer rim) (Fig. 2g,h), (2) mono-sulphide solu-
tion (core) þ chalcopyrite (outer ring), and (3) pyrrhotite and
pentlandite (core) þ chalcopyrite (outer ring) (Fig. 2i,j). An associ-
ation of silicate and sulphide inclusions (Fig. 2i,j) is commonly found
in amphibole and clinopyroxene crystals of the quartzmonzodiorite
and granodiorite,microgranularmaﬁc enclaves, ultramaﬁc clots and
hornblende cumulates.
5. Mineral chemistry and estimates of equilibrium
pressureetemperature (PeT)
Mineral compositions were determined using a JEOL Superp-
robe 733 electron microprobe (energy-dispersive mode, data
reduced using Z.A.F) at the China University of Geosciences, Beijing,
China. In most samples, paired rims of hornblende and plagioclase
were selected for electron microprobe analyses. The analyses of
silicates were performed under the following conditions: acceler-
ating voltage ¼ 15 kV, beam current ¼ 20 nA, and beam
diameter¼ 1 mm. Themicroprobewas calibrated using standards of
quartz, rutile, plagioclase, chromite, almandine, rhodonite, calcite,
albite, sanidine, apatite, CoO and NiO. K lines were used for SiO2,
TiO2, Al2O3, Cr2O3, FeO, MnO, MgO, CaO, Na2O, K2O, and P2O5.
Detection time was 100 s, and analytical error was 2%. The ana-
lyses of sulphides were carried out under the following conditions:Figure 2. Photographs of hand specimens (a,b) and photomicrographs of sulphide inclusion
ultramaﬁc clots (cej) in the Tongling area. a: Microgranular maﬁc enclave (MME) in grano
tongguanshan; (c, d) pyrrhotite and chalcopyrite blebs within hornblende in granodiorite, X
(core) þ chalcopyrite (outer ring) within hornblende in a microgranular maﬁc enclave fro
paragenetic bleb of mono-sulphide solution (core) þ pyrrhotite (outer ring) and independ
magnetite grains between clinopyroxene and actinolite in an ultramaﬁc clot from the Xia
(i, j) paragenetic bleb of pyrrhotite and pentlandite (core) þ chalcopyrite (outer ring) and ind
magnetite among actinolite grains in an ultramaﬁc clot from the Xiaotaojia pluton; i: plane p
Mt: Cr-magnetite; Po: pyrrhotite; Cp: chalcopyrite; Mss: mono sulphide solution; Pn: pentaccelerating voltage ¼ 20 kV, beam current ¼ 10 nA, and beam
diameter ¼ 1 mm. Detection time was 100 s, and analytical error
was 2%. The standards used for calibration were pyrite and chal-
copyrite for S, Fe and Cu; elemental standards for Co, Ni, Au and Ag;
galena, sphalerite and antimonite for Pb, Zn, Sb, Se, As and Te; and
arsenopyrite and tellurantimony for Se and Ni. The empirical for-
mula of hornblendes was calculated based on 23 oxygen atoms.
Fe3þ contents were separately calculated using the potential dif-
ference value method proposed by Stout (1972) and the end-
member molecular proportion matching procedure (Zheng, 1984).
Amphiboles were classiﬁed using the scheme proposed by Leake
et al. (1997).
All pyroxenes (Table 1) in the ultramaﬁc clots, microgranular
maﬁc enclaves, quartz monzodiorite and granodiorite are diopside.
Amphibole compositions (Table 2) correspond to actinolite, tremolite
and pargasite in the ultramaﬁc clots and hornblende cumulates;
tschermakite, magnesiohastingsite, edenite and cummingtonite in
the microgranular maﬁc enclaves; and cummingtonite in the quartz
monzodiorite and granodiorite, based on (Na þ K)A, Ti, Fe3þ and AlIV
contents and Mg/(Mg þ Fe2þ) values. The analysed plagioclases
(Table 3) are oligoclaseeandesine (An28eAn35) and labradorite
(An51eAn56) in the microgranular maﬁc enclaves, and oligoclasee
andesine (An25eAn38) in the quartz monzodiorite and granodiorite.
Compositionsof sulphide inclusions (Table 4) indicatepyrrhotite,
chalcopyrite, mono-sulphide solution and pentlandite in the ultra-
maﬁc clots, and pyrrhotite and chalcopyrite in the microgranular
maﬁc enclaves, quartz monzodiorite and granodiorite. The Nis within amphibole and clinopyroxene of host rocks, microgranular maﬁc enclaves and
diorite (GD), Xiaotaojia; b: ultramaﬁc clot (MFC) in quartz monzodiorite (QMD), Xiao-
iaotaojia; c: plane polarised light, d: reﬂected light; (e, f) paragenetic bleb of pyrrhotite
m the Xiaotaojia pluton, Xiaotaojia; e: plane polarised light, f: reﬂected light; (g, h)
ent mono-sulphide solution and pyrrhotite blebs within clinopyroxene, as well as Cr-
otongguanshan pluton, Xiaotongguanshan; g: plane polarised light, h: reﬂected light;
ependent pyrrhotite and silicate melt blebs within single actinolite grains, as well as Cr-
olarised light, j: reﬂected light. Cpx: clinopyroxene; Act: actinolite; Hb: hornblende; Cr-
landite; SM: silicate melt.
Table 2
Major oxide composition of amphiboles (wt.%) in the host rocks, microgranular maﬁc enclaves and ultramaﬁc clots from the Laomiaojishan, Xiaotongguanshan and Xiaotaojia
plutons in the Tongling area, Anhui Province, East China.
Host rock Quartz monzodiorite from Laomiaoji (LMJ) pluton Quartz monzodiorite from Xiaotongguanshan (XTGS) pluton
Rock type HR MME MFC HR MME
Sample
number
LMJ 3-4a LMJ 5-1-1 LMJ 1-1a LMJ 1-3 LMJ 3-1a LMJ 3-10-2 LMJ 5-3-1 LMJ 1-7-2 LMJ 1-8-5 XTGS 4-3a XTGS 6-8-1 XTGS 13-1-3 XTGS 3-1-2 XTGS 3-1-4
Mineral
species
Ct Ct Ts Tsb Mh Mh Ed Ac Ac Ct Ct Ct Ed Ctb
SiO2 48.73 47.32 43.00 45.94 42.18 42.48 44.87 56.38 55.95 49.15 50.70 50.33 45.46 46.38
TiO2 1.22 1.47 2.09 1.66 2.32 2.16 1.89 0.19 0.12 1.10 1.04 1.13 1.88 1.53
Al2O3 5.17 5.39 8.11 6.41 8.98 9.17 8.42 0.41 1.08 4.76 5.12 4.77 7.00 7.04
Cr2O3 e e e e e e e 0.22 0.00 e 0.14 0.24 e 0.16
FeO 14.04 12.53 18.71 15.78 17.79 16.57 14.52 5.41 4.14 14.65 12.94 15.05 15.15 13.76
MnO 0.27 0.46 0.58 0.17 0.41 0.51 0.54 0.00 0.28 0.43 0.77 0.64 0.21 0.45
MgO 14.55 15.38 11.78 13.69 11.14 11.73 13.01 23.06 23.17 15.09 14.04 12.93 13.77 14.43
CaO 11.87 11.53 11.15 11.80 11.58 11.20 11.25 11.64 11.99 11.72 11.53 10.58 11.39 11.48
Na2O 1.44 1.51 1.41 1.41 1.89 2.11 1.86 0.00 0.00 1.39 0.53 0.90 1.63 1.12
K2O 0.58 0.81 1.04 0.49 1.21 0.97 0.76 0.08 0.20 0.52 0.75 0.46 0.82 0.99
P2O5 e 0.06 e e e 0.43 0.09 0.45 0.00 e 0.13 e e 0.35
Total 97.87 96.46 97.87 97.35 97.50 97.33 97.21 97.84 96.93 98.81 97.69 97.03 97.31 97.69
AlⅣ 0.864 0.938 1.425 1.114 1.592 1.581 1.337 0.066 0.175 0.809 0.625 0.593 1.220 1.181
AlⅥ 0.026 0.000 0.000 0.000 0.007 0.049 0.136 0.000 0.000 0.000 0.252 0.234 0.000 0.034
Mg# 0.68 0.74 0.65 0.69 0.58 0.62 0.66 0.96 0.98 0.72 0.69 0.65 0.69 0.73
PS(kb) 1.28 1.45 3.86 2.38 4.60 4.75 4.00 0.84 1.16 0.93 2.80 2.77
D(km) 4 5 13 8 15 16 13 3 4 3 9 9
TBH(C) 663 691 811 809 792 782 732 716 617 614 806 746
Ac, actinolite; Ct, cummingtonite; Ed, edenite; Mh, magnesiohastingsite; Pa, pargasite; Tr, tremolite; Ts, tschermakite; HR, host rock; MME, microgranular maﬁc enclave;
MFC, ultramaﬁc clot; Mg# ¼Mg/(Mg þ Fe2þ); PS, pressure estimated using the Al-in-hornblende barometer (Schmidt, 1992); D, depth; TBH, temperature estimated using
the amphibole-plagioclase geothermometer (Holland and Blundy, 1994); the temperature and pressure of the cumulates estimated using the geothermobarometer of Al
and Ti in calcic amphibole (Ernst and Liu, 1998).
a Data from Cao et al. (2009).
b Fine-grained cryst.
c Cumulate.
Y. Du et al. / Geoscience Frontiers 5 (2014) 237e248242contents of the sulphide phases, except for chalcopyrite, are
1.79e13.23%, 0.31e0.59%, and 0.00e0.26%, with average values of
6.91%, 0.44%, and 0.09%, in the ultramaﬁc clots, microgranular maﬁc
enclaves, and quartz monzodiorite and granodiorite, respectively.
Correspondingly, the Cu contents of the sulphide phases, except for
chalcopyrite, are 0.02e2.14%, 0.00e0.22%, and 0.00e1.48%, with
average values of 0.44%, 0.07%, and 0.42%, in the ultramaﬁc clots,Table 3
Major oxide composition of plagioclases (wt.%) in the host rocks and microgranular maﬁ
Tongling area, Anhui Province, East China.
Host rock Quartz monzodiorite from Laomiaoji (LMJ) pluton
Rock type HR MME
Sample number LMJ 3-5a LMJ 5-1-2 LMJ 1-2a
Mineral species Oc Oc Oc
SiO2 60.77 61.25 63.08
TiO2 0.06 0.01 e
Al2O3 23.77 22.64 23.38
Cr2O3 e e e
FeO 0.22 0.35 0.27
MnO e e e
MgO e e e
CaO 5.88 5.36 5.65
Na2O 7.88 8.78 6.82
K2O 0.61 0.21 0.62
P2O5 e 0.44 e
Total 99.19 99.04 99.82
Or 4 1 4
Ab 68 74 66
An 28 25 30
As, andesine; Lf, labradorite; Oc, oligoclase; HR, host rock; MME, microgranular maﬁc
a Data from Cao et al. (2009).
b Fine-grained cryst.microgranular maﬁc enclaves, and quartz monzodiorite and
granodiorite, respectively.
The temperature, pressure and depth during formation of the
microgranularmaﬁc enclaves, quartzmonzodiorite and granodiorite
(Table 2)were estimated using the geobarometer of Al in hornblende
proposed by Schmidt (1992) and the amphiboleeplagioclase geo-
thermometer proposed by Holland and Blundy (1994). Based onc enclaves from the Laomiaojishan, Xiaotongguanshan and Xiaotaojia plutons in the
LMJ 1-4a LMJ 3-2a LMJ 3-10-3 LMJ 5-3-2
Lfb Oc As Oc
55.43 62.60 59.38 60.46
0.13 e e 0.09
27.93 24.03 24.53 23.21
e e e e
0.38 0.29 0.27 0.45
e e e e
e e e e
11.45 5.59 7.07 6.32
4.86 7.72 7.94 8.33
0.16 0.30 0.26 0.23
e e 0.23 0.13
100.34 100.53 99.68 99.22
1 2 1 1
43 70 66 70
56 28 33 29
enclave.
Quartz monzodiorite from Xiaotongguanshan (XTGS) pluton Granodiorite from Xiaotaojia (XTJ) pluton
MFC HR MME MFC
XTGS 3-1-7-8 XTGS 3-1-8-3 XTGS 5-1-1 XTGS 5-2 XTJ 1-1-5 XTJ 13-1-1 XTJ 24-1-1 XTJ 1-1-12-3 XTJ 3-1-3 XTJ 3-2-5 XTJ 3-3-3
Ac Ac Pac Pac Ct Ct Ct Ct Ct Ac Tr
54.16 53.62 42.19 42.28 48.23 49.95 51.15 47.20 46.72 54.35 53.42
0.05 0.03 2.12 2.26 1.26 1.04 1.22 1.08 1.49 0.18 0.26
1.25 1.45 13.36 13.29 4.88 6.02 5.44 6.46 6.22 1.27 1.80
0.12 0.44 e 0.09 e 0.18 0.10 e e 0.00 0.00
9.34 9.66 10.42 9.38 15.36 13.31 12.57 13.66 13.45 9.67 10.32
0.38 0.04 e e 0.50 0.57 0.49 0.94 0.50 0.59 0.74
19.33 19.12 13.49 14.59 14.39 13.34 14.07 14.26 14.48 18.56 18.78
11.43 12.06 11.92 12.11 11.89 11.67 11.55 11.16 11.71 11.73 11.81
0.00 0.00 2.39 1.61 0.76 0.36 0.48 1.35 1.58 0.00 0.00
0.29 0.17 1.60 1.58 0.56 0.70 0.58 0.65 0.62 0.16 0.22
0.45 0.16 e 0.25 e e e 0.29 0.24 0.20 0.44
96.80 96.75 97.49 97.44 97.83 97.14 97.65 97.05 97.01 96.71 97.79
0.208 0.242 `1.766 1.822 0.838 0.697 0.594 1.052 1.068 0.212 0.299
0.000 0.000 0.558 0.465 0.000 0.340 0.334 0.068 0.014 0.000 0.000
0.90 0.89 0.70 0.77 0.72 0.67 0.69 0.73 0.71 0.86 0.90
8.05 7.88 0.98 1.93 1.41 2.32 2.14
27 26 3 6 5 8 7
860 865 733 640 614 714 734
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perature, pressure and depth during formation of the hornblende
cumulates (Table 2) have been estimated using the geo-
thermobarometer of Al and Ti in calcic amphibole, as proposed by
Ernst and Liu (1998). The crystallisation conditions at deep levels, as
indicated by the composition of hornblende in the hornblende cu-
mulates, are estimated to be 860e865 C and 7.9e8.1 kb,Quartz monzodiorite from Xiaotongguanshan (XTGS) pluton
HR MME
XTGS 4-2a XTGS 6-8-2 XTGS 13-1-4 XTGS 3-1-3 XTGS 3-1-5
As Oc Oc Lf Ocb
59.99 60.87 60.52 56.19 61.35
e 0.05 0.09 0.14 0.06
24.71 23.78 24.36 27.65 24.00
e e e e e
0.17 0.26 0.19 0.26 0.41
0.13 0.11 e e e
e e e 0.33 0.11
7.06 6.07 6.07 10.22 5.80
6.98 8.24 8.06 5.32 7.43
0.55 0.28 0.27 0.26 0.40
e e e e e
99.59 99.66 99.56 100.37 99.56
3 2 1 1 2
62 70 70 48 68
35 28 29 51 30corresponding to a depth of 26e27 km. The temperature of mineral
crystallisationat shallowlevels, as estimated fromthe compositionof
hornblendes and plagioclases in the microgranular maﬁc enclaves,
fallswithin the range714e811 C,with a correspondingpressure and
depth of crystallisation of 2.3e3.9 kb and 7e16 km, respectively.
Using the compositions of hornblende and plagioclase in the quartz
monzodiorite and granodiorite, the conditions of mineralGranodiorite from Xiaotaojia (XTJ) pluton
HR MME
XTJ 1-1-7 XTJ 13-1-2 XTJ 24-1-2 XTJ 1-1-12-4 XTJ 3-1-4
As Oc Oc As As
59.19 61.67 61.49 60.73 59.47
0.03 0.10 e e e
25.62 24.48 23.93 23.98 24.50
e e e e e
0.14 e 0.26 0.22 0.21
e 0.07 0.10 0.05 e
e e e e e
8.00 6.03 5.67 6.26 7.25
6.86 7.56 7.81 7.60 7.22
0.31 0.32 0.52 0.11 0.16
e e e 0.27 0.39
100.15 100.23 99.78 99.22 99.20
2 2 3 1 1
60 68 69 68 64
38 30 28 31 35
Table 4
Representative analyses of sulphide phases (wt.%) in sulphide inclusions from the host rocks, microgranular maﬁc enclaves and ultramaﬁc clots of the Laomiaojishan,
Xiaotongguanshan and Xiaotaojia plutons in the Tongling area, Anhui Province, East China.
Rock type HR MME
Host cryst
number
LMJ 5-1-1 XTGS
6-8-1
XTGS
13-1-3
XTGS
13-1-3
XTJ 13-1-1 XTJ 24-1-1 LMJ 3-10-2 LMJ 3-10-2 XTJ
1-1-12-3
XTJ
1-1-12-3
XTJ 3-1-3 XTJ 3-1-3
Mineral
species
Ct Ct Ct Ct Ct Ct Mh Mh Ct Ct Ct Ct
Oxide
number
LMJ 5-1-1-1 XTGS
6-8-4d
XTGS
13-1-5
XTGS
13-1-6
XTJ 13-1-4 XTJ 24-1-3 LMJ 3-10-1 LMJ 3-11-1 XTJ
3-1-1-12-1c
XTJ
3-1-1-12-2c
XTJ 3-1-1c XTJ 3-1-2c
Mineral
species
Po Po Po Cp Po Po Po Po Po Cp Po Cp
S 38.99 39.53 39.43 34.30 39.13 37.11 37.89 38.40 39.71 34.91 39.80 35.31
Fe 59.65 57.46 58.06 30.53 58.17 60.81 59.09 59.45 58.33 29.36 58.40 29.89
Co 0.63 0.25 1.26 e 1.17 0.73 0.49 0.42 0.69 0.14 0.60 0.28
Ni 0.21 e e 0.54 e 0.26 0.35 0.83 0.43 0.26 0.31 0.29
Cu e 1.48 0.14 34.18 0.50 e 0.44 e e 34.04 e 32.96
Pb e e e e e e e e e e e e
Zn e e e e e e 0.60 0.02 e e e 0.05
Ag e 0.13 e e 0.22 0.09 0.15 0.42 0.07 e e 0.17
Sb e e 0.02 e e 0.07 e e e e e e
As e 0.55 0.07 0.12 0.07 e 0.16 0.15 0.44 0.50 0.21 0.36
Se 0.06 e e e e e e e 0.21 0.12 0.05 0.12
Te e e 0.10 e 0.34 0.22 e e e e 0.11 e
Total 99.54 99.40 99.08 99.67 99.60 99.29 99.17 99.69 99.88 99.33 99.48 99.43
Ac, actinolite; Ct, cummingtonite; Mh, magnesiohastingsite; Tr, tremolite; Di, diopside; Po, pyrrhotite; Mss, mono-sulphide solution; Cp, chalcopyrite; Pn, pentlandite; HR,
host rock; MME, microgranular maﬁc enclave; MFC, ultramaﬁc clot.
a Co-existence of pyrrhotite with mono sulphide solution within a bleb.
b Co-existence of pyrrhotite and chalcopyrite with pentlandite within a bleb.
c Co-existence of pyrrhotite with chalcopyrite within a bleb.
d Co-existence of pyrrhotite with magnetite within a bleb.
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ﬁnal magma emplacement) are estimated to be 614e733 C and
0.9e1.9 kb, corresponding to a depth of emplacement of 3e6 km.
6. Discussion
6.1. Petrogenesis of the xenoliths and host rocks
The temperature estimates of mineral crystallisation, based on
experimental data (Thompson, 1974) and the chemistry of the re-
sidual pyroxenes in the Jiguanshi hornblende cumulates, fall within
the range 1170e1185 C, with a corresponding depth range of
40e45 km (Du et al., 2004b). Crystallisation temperatures of
860e865, 714e811 and 614e733 C, respectively, have been
determined for cumulate pargasite from the hornblende cumulates,
and amphibole and plagioclase from the microgranular maﬁc en-
claves, quartz monzodiorite and granodiorite. Pressures recorded
by these phases indicate they formed at depths of 26e27, 7e16 and
3e6 km, respectively. These temperatures and depths represent the
conditions of magmatic crystallisation corresponding to an upper-
mantle magma chamber, a deep-level crustal magma chamber, a
shallow-level magma chamber, and very shallow emplacement,
respectively.
In all three intrusions, microgranular maﬁc enclaves contain
ultramaﬁc clots and hornblende cumulates with residual high-
pressure clinopyroxene. This observation, combined with pub-
lished data (Du et al., 2004b, 2007), provides petrological and
geochemical evidence for the existence of partial melting in the
upper mantle and underplating of mantle-derived basaltic magma
within the lower crust at about 140Ma to form a deep-level magma
chamber. The relics of pyroxene amphibolite and plagioclase am-
phibolites, with ﬁne-grained felsic aggregates in their interior and
rim, are observed in the host quartz monzodiorite and granodiorite.
This observation, together with the data presented here and the
results of previous experiments on the melting of metamorphic
rocks (Tang et al., 1998), is consistent with partial melting ofmetamorphic rocks in the lower crust to form quartz monzodioritic
or granodioritic magma in response to the large heat ﬂux from the
underplated basaltic magma, and the ascent of this crustal melt to
form shallow-level magma chambers in the middleeupper crust.
The ultramaﬁc clots only occur in gabbroic xenoliths and consist
of clinopyroxene (diopside) and amphibole (hornblende, actinolite
and tremolite), with varying amounts of Cr-magnetite. A distinctive
association of sulphide inclusions, varying in composition from
pentlandite to mono-sulphide solution, characterises both clino-
pyroxene and amphibole. Together with the occurrence of residual
diopside and hornblende, these facts suggest an origin of the ul-
tramaﬁc clots from altered pyroxenite formed by crystal fraction-
ation of alkaline basaltic magma. This basaltic magma had
previously been produced by partial melting of the upper mantle,
consistent with the existence of mantle metasomatism responsible
for the alteration of diopside and hornblende to actinolite or
tremolite (Francis, 1976; Jenkins, 1988). The hornblende and py-
roxene cumulates represent the products of crystal fractionation in
the basaltic magma at deep levels in the lower crust.
The appearance in the gabbroic and dioritic xenoliths of
plagioclase ovoids, mantled with hornblende, poikilitic plagioclase
with hornblende, and acicular apatite within biotite, is consistent
with an origin from magma mixing (Hibbard, 1995) via injection of
the basaltic magma from the deep-level magma chamber into the
quartz monzodioritic or granodioritic magma in the shallow-level
magma chamber. The co-existence of ﬁne-grained labradorite and
medium-grained andesine in the gabbroic and dioritic xenoliths
provides another line of evidence for magma mixing during their
formation process. The quartz monzodiorite and granodiorite host
rocks crystallised inmagma chambers at very shallow depths in the
upper crust.
6.2. Origin of the sulphide and oxide inclusions
The general co-existence of silicate and sulphide inclusions
within the silicate phases of the quartz monzodiorite and
MFC
LMJ
1-7-2
LMJ
1-8-5
LMJ
1-8-5
LMJ
1-8-5
LMJ
1-8-5
XTGS
3-1-7-7
XTGS
3-1-7-7
XTGS
3-1-7-7
XTGS
3-1-8-3
XTGS
3-1-8-3
XTJ
3-2-5
XTJ
3-2-5
XTJ
3-2-5
XTJ 3-2-5 XTJ 3-3-3 XTJ 3-3-3 XTJ 3-3-3 XTJ 3-3-3
Ac Ac Ac Ac Ac Di Di Di Ac Ac Ac Ac Ac Ac Tr Tr Tr Tr
LMJ
1-7-1
LMJ
1-8-1
LMJ
1-8-2
LMJ
1-8-3
LMJ
1-8-4
XTGS
3-1-7-1
XTGS
3-1-7-2
XTGS
3-1-7-3
XTGS
3-1-8-1a
XTGS
3-1-8-2a
XTJ
3-2-1b
XTJ
3-2-2b
XTJ
3-2-3a
XTJ 3-2-4 XTJ 3-3-1 XTJ 3-3-2 XTJ 3-4-1c XTJ 3-4-2c
Po Mss Mss Po Mss Mss Mss Mss Po Mss Po Cp Pn Po Po Po Po Cp
39.48 38.19 39.40 38.75 38.55 36.36 36.47 38.52 38.11 34.14 40.19 34.92 36.16 40.09 39.24 39.17 39.50 35.31
57.15 52.68 52.83 57.54 53.09 44.70 49.42 58.30 59.04 43.05 55.18 29.98 27.32 56.27 57.06 56.02 57.88 29.87
0.70 0.75 0.84 0.62 0.53 1.13 1.15 0.75 0.64 2.12 0.79 0.36 1.66 0.95 0.77 0.20 0.97 0.37
3.21 9.13 6.62 2.23 6.11 16.88 11.48 1.76 0.68 13.66 3.32 0.86 34.30 2.08 1.62 2.56 1.18 e
0.11 e 0.06 e 0.38 e 0.06 e e 4.28 e 33.51 0.35 0.20 0.07 0.22 e 34.61
e e e e e e e 0.17 e e e e e e e e 0.16 e
e 0.12 e 0.43 0.22 e 0.38 e 0.10 0.21 e 0.01 0.56 0.09 0.48 0.55 e e
e e e 0.06 e e e e 0.27 e 0.19 e e e 0.17 0.13 e 0.20
e e e e e e e e e e e 0.09 e e e e 0.09 e
0.16 0.09 0.15 0.22 0.12 e 0.16 0.15 0.17 1.49 0.07 0.26 0.26 0.15 0.33 0.07 0.16 0.07
e e e e e e e 0.11 e e e e e e e e e 0.02
e e 0.14 e 0.28 e e e e e e 0.05 0.08 e e e 0.24 e
100.81 100.96 100.04 99.85 99.28 99.07 99.12 99.76 99.01 98.95 99.74 100.04 100.69 99.83 99.74 98.92 100.18 100.45
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hornblende cumulates is consistent with immiscible separation of
sulphide melts from different types of magmas.
The parent melts of the analysed ultramaﬁc clots and horn-
blende cumulates were of alkaline character, and probably similar
to the Mesozoic alkaline basalts of Kedoushan in the Fanchang
volcanic basin, close to the Tongling area (Yan et al., 2005), as well
as the early Cretaceous gabbros (142.9  1.1 Ma) from the Jiguan-
shan and Baimangshan intrusions in Tongling (Tang et al., 1998).
SiO2 contents are 47.63e50.02% in the basalts and 50.99e51.89% in
the gabbros. Total alkali contents range from 4.35 to 5.11% in the
basalts to 5.55e6.83% in the gabbros. Initial 87Sr/86Sr ratios fall in
the ranges 0.7065e0.7066 and 0.7061e0.7069 for the basalts and
gabbros, respectively, while εNd(t) values are in the ranges of 4.9
to 9.9 in the basalts and 6.5 to 7.7 in the gabbros. These rocks
are characterised by Ba, Th, U, LREE and Pb enrichment and Nb, Zr
and Ti depletion. They belong to alkaline series, different in
geochemical characteristics from maﬁc-ultramaﬁc intrusions that
belong to tholeiitic series and are commonly associated with Cu-Ni
sulﬁde deposits. Experimental studies performed by Wendlandt
(1982) and Mavrogenes and O’Neill (1999) on basaltic melt,
similar to the parent melts suggested for the ultramaﬁc clots and
hornblende cumulates, indicate that sulphide liquids can separate
immiscibly from silicate melts on lowering temperature.
Maﬁc melts may carry sulphide as solid or liquid from the
mantle to upper crustal levels, similar to the suggestion made by
Tomkins and Mavrogenes (2003) for silica-rich partial melts of the
crust. In a shallow-level magma chamber, exsolved droplets of
sulphide melt, similar to those reported by Halter et al. (2004b),
will form when basaltic magma, saturated with sulphide from the
deep-level magma chamber, is injected into and mixed with quartz
monzodioritic or granodioritic magma. Such magma mixing will
result in a hybrid assemblage of phenocrysts partly out of equilib-
rium with the mixed silicate melt.
Abundant anhydrite, pyrite, siderite and organic carbon occur
within the Paleozoic to Mesozoic marine strata of the Tongling area(Tang et al., 1998). The anhydrite and pyrite could provide a major
source of excess sulphur during emplacement of monzodioritic to
granodioritic magmas into these strata. Such a mechanism of
sulphur addition during very shallow emplacement of sulphide-
saturated magma requires reduction to generate S2 from S4þ or
S6þ. The reducing agents may be Fe2þ in the siderite or organic
carbon, both abundant in the local strata. These agents would be
oxidised to Fe3þ and CO2, respectively, leading to the crystallisation
of additional magnetite. This proposal is consistent with the
occurrence of many skarn xenoliths with magnetite, radial aggre-
gates of pyrite threads partly oxidised to magnetite, and the exis-
tence of abundant magnetite in the quartz monzodiorite and
granodiorite, and gives a reasonable explanation of the wide dis-
tribution of stratabound skarn-type FeeCu polymetallic deposits in
the Tongling area.
6.3. Evolution of sulphide melts with magmas from upper mantle to
upper crust
The evolution of CueFeeNi sulphides can be modelled in the
CueFeeNieS, CueFeeS and FeeSeO systems, as studied in detail
by Kullerud (1963), Craig and Kullerud (1969), Kullerud et al.
(1969), Naldrett (1969) and Cabri (1973).
After the sulphide drops were trapped in crystallising silicate
phases at 1100 C or above, the sulphide inclusions were resident in
the ultramaﬁc clots associated with underplated alkaline basaltic
magma in a deep-level magma chamber within the lower crust.
During this time, the temperature of the clots and the host basaltic
magma decreased, more slowly in the inner parts of the chamber
and more rapidly along the margins due to the inﬂuence of sur-
rounding rocks. According to the experimental work of Craig and
Kullerud (1969) and Kullerud et al. (1969), mono-sulphide solu-
tion and chalcopyrite phases would have crystallised at 1000 C and
850 C, respectively, from the enclosed liquid sulphide during a
slow decrease in temperature, constituting a paragenetic associa-
tion of mono-sulphide solution þ chalcopyrite. The microgranular
Figure 4. A model for the sulphide melt evolution in upper mantle to upper crust
magmas, Tongling, China.
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cooling of the basaltic magma (which already contained the ul-
tramaﬁc clots) during its injection from a deep-level magma
chamber to a shallow level, and then entrained within the mon-
zodioritic or granodioritic magma as it ascended further to very
shallow magma chambers. Based on the experimental data of
Kullerud (1963), the mono-sulphide solution phases in the blebs
may have decompose to pyrrhotite and pentlandite as tempera-
tures cooled below 610 C, constituting a paragenetic association of
pyrrhotite þ pentlandite þ chalcopyrite. Based on the data pre-
sented by Bishop et al. (1975), a paragenetic association of mono-
sulphide solution þ pyrrhotite, in blebs trapped within silicate
phases of the ultramaﬁc clots, could have formed if the temperature
of the clots decreased rapidly at the margins of a deep-level basaltic
magma chamber.
The compositions of the sulphide melts, separated immiscibly
from the gabbroicedioritic magma, may have moved out of the
NieCueFeeS system into the CueFeeS system as a result of the
high consumption of Ni during crystallisation of mono-sulphide
solutions from the primary alkaline basaltic magma. Based on the
experimental work of Kullerud et al. (1969) and Cabri (1973), pyr-
rhotite and chalcopyrite phases would have crystallised at 1083 C
and 960 C from the enclosed liquid sulphide as temperatures
decreased slowly, constituting a paragenetic association of
pyrrhotite þ chalcopyrite.
The addition of sulphur and iron from the surrounding host
strata could counteract the consumption of sulphur and iron during
crystallisation of sulphide phases from the magma. Together with a
decrease in Cu (due to crystallisation of chalcopyrite), and increases
in f(O2)with decreasing depth, the composition of sulphide melts
separating immiscibly from the monzodioritic to granodioritic
magmas would move out of the CueFeeS system into the FeeSeO
system. According to the experimental work of Naldrett (1969),
pyrrhotite and magnetite crystallise as eutectics from a sulphide
melt at 934 C, and thus constitute a paragenetic association of
pyrrhotite þ magnetite.
Fig. 3 is a plot of Fe vs. Ni in grains of pyrrhotite from ultramaﬁc
clots, microgranular maﬁc enclaves and host rocks in the Tongling
area, indicating an obvious trend of decreasing of Ni content with
increasing of Fe content in grains of pyrrhotite from the ultramaﬁc
clots through the microgranular maﬁc enclaves to the host rocks.
This trend combined with the variations of the sulphide assem-
blage within individual blebs reﬂects the shifting of composition in
sulphide melts out of the NieCueFeeS system through the
CueFeeS system and into the FeeSeO system (Fig. 4) during
immiscible separation from magmas as they progressively evolved
from deep-seated primary underplated alkaline basaltic magmas,
through gabbroic and dioritic magmas, to shallow-level mon-
zodioritic and granodioritic magmas.Figure 3. A plot of Fe vs. Ni in grains of pyrrhotite from host rocks, microgranular
maﬁc enclaves and ultramaﬁc clots in the Tongling area.It must be pointed out that experimental data for the CueFeeS
and FeeSeO systems, as presented by Kullerud et al. (1969),
Naldrett (1969) and Cabri (1973), were obtained under conditions
of low pressure and no water, while the observations presented
here for the CueFeeS and FeeSeO systems relate to conditions of
medium pressure and saturation in water, as shown by the com-
mon occurrence of amphibole in the microgranular maﬁc enclaves,
monzodiorite and granodiorite. Higher pressures plus water satu-
ration would result in a slower crystallisation of minerals from
melts at lower temperatures (Moore and Carmichael, 1998). This
may be one of the main reasons for the sulphide crystallisation
temperatures of 714e811 C and 614e733 C, as described here
from the microgranular maﬁc enclaves, the monzodiorite and the
granodiorite, which are signiﬁcantly lower than those given by
Kullerud et al. (1969), Naldrett (1969) and Cabri (1973).7. Conclusions
Sulphide inclusions, trapped within the amphibole and clino-
pyroxene of ultramaﬁc clots, hornblende cumulates, microgranular
maﬁc enclaves, and host quartzmonzodioriticegranodioritic plutons
of the Tongling area, East China, represent the crystallisation of sul-
phide melts that separated immiscibly from a primary underplated
alkaline basaltic magma in the upper mantle and lower crust, from
gabbroicedioritic magmas in the middle and upper crust, and silica-
Y. Du et al. / Geoscience Frontiers 5 (2014) 237e248 247rich magmas in the upper crust. The sulphide assemblage within
individual blebs changes from paragenetic associations of Ni-rich
phases (mono-sulphide solution þ pyrrhotite, mono-sulphide
solution þ chalcopyrite, and pyrrhotite þ pentlandite þ
chalcopyrite) in the ultramaﬁc clots and hornblende cumulates, to
somewhat less-Ni-rich associations (pyrrhotiteþ chalcopyrite) in the
microgranular maﬁc enclaves, and to Ni-poor sulphide and Cr-poor
oxide associations (pyrrhotite þ magnetite) in the host plutons.
These variations reﬂect the change of composition in sulphide melts
that separated immiscibly from magmas as they progressively
evolved from deep-seated primary underplated alkaline basaltic
magmas, through gabbroic and dioritic magmas, to shallow-level
monzodioritic and granodioritic magmas. During this process, the
sulphide melt compositions shifted progressively out of the
NieCueFeeS system through the CueFeeS system and into the
FeeSeO system.
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